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Does NMR Mean “Not for Molecular Ways & Means
Replacement”? Using NMR-Based Search
Models to Solve Protein Crystal Structures
difficult MR problem [6]. It was clear that this method could be
extended to using a whole NMR ensemble as an MR search
model. In 1995, Mu¨ller et al. [7] confirmed that use of an ensemble
of models led to better results in MR than the use of single models.
Simultaneously, and independently, the structure of bovine acyl-
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Uppsala University was used to solve part of the crystal structure of a complex
(cases 16, 17, 20 and 24) and two cases were solved withBiomedical Centre
Box 596 composite crystallographic models (cases 4 and 6). In the re-
maining 17 cases a crystal structure was solved with an NMRSE-751 24 Uppsala
Sweden model; in 14 of these the NMR model was of the same protein,
that is, with 100% sequence identity. We have surveyed these
structure determinations and propose a general protocol thatIntroduction
we believe offers a good chance of success. We have tested
this protocol by applying it to two very difficult cases in theMolecular replacement (MR) is a very effective method to solve
the phase problem in X-ray crystallography [1]. If a search list (cases 9 and 18). The successful application of this protocol
in solving a new structure (case 26) is also described.model with reasonable structural homology is available, MR
can often accelerate structure solution by avoiding the need
for tedious preparation of heavy-atom or selenomethionine Search Models
derivatives. However, the success of MR depends critically
on the similarity between the search model and the target In MR, the compatibility of the search model with the new
structure. There is a widely accepted rule-of-thumb which structure is the key to success: “every atom in the right place
states that if the overall root mean square deviation (rmsd) contributes to the signal; every atom in the wrong place contrib-
between equivalent Ca atoms exceeds z1.5 A˚, it is difficult or utes to the noise!” To prepare a good model it is necessary to
impossible to obtain a clear solution. select the largest subset of atoms that are likely to have the
For the structure determination of small macromolecules up same relative positions in the target structure. This requires
to z30 kDa, nuclear magnetic resonance (NMR) spectroscopy assessing both the model quality and the similarity of the target
is a powerful alternative to X-ray crystallography and contrib- and model structures. When using a refined X-ray model with-
utes a substantial fraction of the depositions in the Protein Data out major errors, the atomic temperature factors (B factors)
Bank (PDB). However, employing NMR structures as search provide a measure of relative flexibility. There are many exam-
models to solve a crystal structure by MR is not always suc- ples where MR searches were unsuccessful when a search
cessful, even if the NMR structure is that of the same protein. model with a uniform B factor was used, but became straight-
Two problems are commonly encountered: the true MR solu- forward once some preliminary refinement had been carried
tion is poorly discriminated from (or buried among) false solu- out, thus resetting the relative B factors for the different do-
tions, and there is poor behavior or failure during refinement mains of the model and balancing the contributions they make.
even when a correct MR solution is found and fairly high- When using the structure of a homologous protein, a sequence
resolution crystallographic data is available. But thanks to ad- alignment is used to identify insertions and deletions, which
vances in methodology and ever-increasing computing power, are then removed from the search model together with possible
we are now in a better position to tackle such difficult problems. flexible loops and the termini. Similar sidechains can be trun-
In 1987, Bru¨nger et al. [2] provided the first proof-of-principle cated to their common basis (e.g., tyrosine to phenylalanine)
that information derived from NMR structures can be employed and others cut back to alanine or serine. However, success
in solving crystal structures by MR using the known structure requires that the secondary structure elements are conserved,
of crambin. This finding was corroborated by Braun et al. in and that their relative orientation is near-identical in the search
1989 [3]. The method was first put to real use in 1991, when model and the target structure.
the crystal structure of interleukin-8 was solved using the NMR Let us now focus on the use of NMR models. Why would
model [4]. In 1992, Leahy and colleagues [5] introduced the using an NMR model to solve the crystal structure of the same
use of composite models for MR. They employed a set of ten protein be difficult? Why doesn’t 100% sequence identity guar-
independent VL domain crystal structures as a search model antee success? There are several possible reasons for this:
to solve the structure of CD8. This approach was used to solve large conformational differences between the two states; inher-
the structure of cellular retinoic acid binding protein II, a very ent inaccuracies in NMR models that might be based only
on short through-space distance restraints (e.g., the relative
orientation of distal parts of the structure may be poorly deter-§ To whom correspondence should be addressed (e-mail: ywc@mrc-lmb.
cam.ac.uk). mined); imprecision of search models as a result of limited
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Table 1. A List of Structures Surveyed in This Study
Case Year Protein Software X-Ray/NMR Rmsd (A˚) References Remarks
1 1987 Crambin Other 1.1 [2] Proof-of-principle
2 1989 Tendamistat Other 1.03 [3] Another test case
3 1991 Interleukin-8 Merlot/Corels 0.96 [4] Difficult, first real problem
4 1992 CD8a X-PLOR — [5] First use of composite
X-ray ensemble
5 1994 Endothelin ALMN/TFSGEN 2.0 [36]
6 1994 CRABP II AMoRe — [6] Composite X-ray ensemble
7 1995 hIL4 Others/X-PLOR 1.2z1.4 Ca [7] First use of NMR ensemble
8 1995 PH domain–IP3 AMoRe 1.6 [10, 37]
9 1995 Er-1 X-PLOR 1.17 all Ca [16, 32] Very difficult case
10 1996 ACBP AMoRe 1.9 Ca [8a]
11 1996 P53 tet X-PLOR 0.73 Ca [38] Smooth
12 1997 MCP-1 AMoRe 0.9/1.0 Ca [39]
13 1998 p53 tet AMoRe 1.4 Ca [14] Very difficult; X-PLOR failed
14 1998 p14TCL1 AMoRe 1.1 Ca [40]
15 1998 IM7 AMoRe 1.7 Ca [18]
16 1998 TMA–RBI AMoRe 2.0 [41] Part of two-body search
17 1998 Cdk6–p19 AMoRe 1.7 Ca [42] Second part of two-body search
18 1998 CHFI EPMR 1.61 [30] Difficult; evolutionary programming;
AMoRe and X-PLOR failed
19 1999 RATI AMoRe 2.5 all Ca [43] Difficult
20 1999 NK1 AMoRe 0.4 Ca [44] Second part of two-body search
21 1999 CTLA-4 AMoRe 2.9 all Ca [26] Difficult; (six-dimensional AMoRe)
22 1999 Protein S AMoRe 1.1 [45]
23 1999 CV-N AMoRe 0.55 [46]
24 1999 hCD2–hCD58 AMoRe 1.04 all Ca [47] Smooth, second and third part of
two-type three-body search
25 1999 p85a SH2 AMoRe 0.92 Ca [19] Brute-force
26 2000 p73a SAM AMoRe 1.38 [31b] Difficult
a D. M. F. van Aalten, et al., and T. A. Jones, unpublished results.
b W. K. Wang, M. Bycroft, A. M. Buckle, A. R. Fersht, and Y. W. Chen, unpublished results.
Rmsd comparisons reported are for atoms of the well-defined core region of the respective proteins involved, usually with loops and termini excluded; the
comparison reported is for backbone or mainchain atoms, unless otherwise stated. If the protein is oligomeric, the comparison is for the oligomeric state
of the search model used in MR. This list is arranged in chronological order of publication. Some articles reported more than one MR calculation (e.g., case
7) and the tabulated parameters in this table and Table 2 are those for a representative calculation in such a study.
data used in structure determination; and the difficulty in repre- lent internal consistency: the overall backbone rmsd of individ-
ual models in well-defined regions is usually less than 1 A˚, withsenting the reliability of atomic positions in an NMR model.
Some general discussions on using NMR models for MR can a mean value of 0.5 6 0.1 A˚ for the 22 cases reported (Table 2
and Figure 1b). In one study, the authors highlighted the impor-be found in Mu¨ller et al. [7] and Wilmanns and Nilges [10].
tance of using the best-refined NMR model to solve their prob-
lem (case 7 [7]). During the re-examination of a problem that
Are NMR Models Good for MR?
was previously reported to be very difficult (case 13 [14]), it
An analysis of proteins for which both solution (NMR) and
was found that a more accurate (and more recent) structure
crystal structures (not necessarily determined by MR) are avail-
led to a straightforward solution [15]. We believe that in many
able shows that the global architecture in the two states gener-
cases NMR models will satisfy the 1.5 A˚ rmsd rule-of-thumb
ally agrees well and the rmsd of the backbone atoms (Ca, N,
and can be used for MR calculations, provided that they are
C, O) is usually less than 2 A˚ [11, 12]. For 22 cases in our list
carefully prepared. The major task of model preparation is to
(see Figure 1a caption), when the well-defined regions of a
remove regions where large local structural variations occur
crystal structure and those of its NMR search model are com-
and to use the best structural representation of the well-defined
pared, the backbone rmsds have a mean value of 1.3 6 0.2 A˚
regions in the MR calculations.
(Table 1 and Figure 1a). When the two exceptionally low values
of cases 20 and 23 were excluded, most values fall in the range
0.7–2 A˚. Large structural differences between the two states United or Divided?
In a crystal structure, the B factor reflects the precision ofare generally local and limited to flexible loops, the termini
and surface sidechains. In some early reports, large global atomic positions. Barring gross model errors, high B factors
are found in under-determined regions displaying flexibility ordifferences between crystal and NMR structures were ob-
served but these were later found to originate from deficiencies multiple conformations, usually the termini and loops, and long
exposed sidechains. For MR calculations, it is important toin one of the models [11, 12]. Improvements in NMR instrumen-
tation and methodology and the use of new algorithms have properly weight the atomic contributions to the scattering fac-
tors as a function of resolution. Although an individual NMRled to much improved agreement between NMR and crystal
structures (e.g., see [13]). Modern NMR structures show excel- model lacks this information, equivalent information is embod-
Ways & Means
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Figure 1. Analyses of the Accuracy and Preci-
sion of Various NMR Models Used for MR
(a) The structural difference between a crystal
structure and the NMR model that was used
in its solution, represented by the average
rmsd of backbone or Ca atoms in well-
defined regions. This is a very crude analysis
because of the different methods of calculat-
ing/reporting this quantity used by different
authors. Note that cases 19 and 21 in Table 1
were excluded because they included disor-
dered residues and resulted in substantially
higher values. The theoretical Luzzati error
estimated from the resolution and the R factor
of each crystal structure was used to repre-
sent the error in each data point.
(b) The precision of NMR models that were
used for solving crystal structures. The stan-
dard error (where reported) of the backbone
precision of each NMR model was plotted as
an error bar. The structures are in the same
order as in Tables 1 and 2. In (a) and (b), the
red lines represent the mean values.
(c) The precision of NMR ensembles is plotted
against the corresponding difference between
the NMR search model and the crystal struc-
ture, with a linear correlation coefficient (r) of
0.64. The red dot represents the centroid (the
intersection point of the mean values of the two
axes), and the regression line is shown in red.
ied in NMR ensembles. When a whole ensemble model is visu- Software
alized graphically, parts of the structure that are well-defined
can easily be distinguished from parts that are not, because Most existing software divides the MR search into two stages,
the first to find the orientation of the model relative to theflexible regions supply fewer experimental restraints and thus
result in more diverse conformations. crystal axes, and the second to position this orientated model
in the crystal lattice. All except two of the cases listed inTo exploit the reliability information in an NMR structure for
use in MR, two approaches have been developed. The first Tables 1 and 2 and solved since 1996 used the program AMoRe
[22, 23]. The major advantages of this program are its speedapproach involves generating a single model, usually the mini-
mized averaged model, with artificial B factors [4, 10, 16]. All and the fact that many potential solutions can be tested in one
run of the program. It might not offer the best signal-to-noiseindividual models are superimposed on the mean structure
and atomic rmsds are converted into artificial temperature fac- discrimination [24] at every stage, but a correct rotation func-
tion solution that is buried among noise peaks is still useful intors. The second approach simply involves using the whole
ensemble as a composite model [5–7, 9], with all atoms as- the subsequent translation search and rigid-body refinement.
From 1991 to 1995, X-PLOR was the most popular programsigned uniform B factors. MR calculations with an ensemble
model automatically amplify well-defined regions and down- for MR. It offers a real-space rotation function as well as a direct
rotation function [24]. CNS [25], the successor of X-PLOR, isweight disordered regions [17].
Among the 17 cases listed in Tables 1 and 2 where a crystal another alternative that is also widely used.
Continued increases in computing power have brought six-structure was solved using an NMR model, 12 were solved
with single models and four were solved with ensemble models; dimensional (6-D) searches close to the realms of possibility.
However, a complete systematic 6-D search with AMoRe orthe remaining case (case 7) is a very thorough study using all
of the individual, mean and ensemble models. Among the single CNS testing all possible orientations (z20,000–30,000) is still
too CPU intensive [26] to perform routinely. Another option ismodel cases, the most successful (10 out of 12) made use
of a representative model, usually the restrained minimized to test random 6-D solutions and to use genetic algorithms to
direct the search procedure [27–29]. These offer great speedaverage structure. Individual models taken from an ensemble
rarely led to success (only cases 5 and 19). Single models were enhancements. The developers of these methods claim better
signal-to-noise ratios [26–29] and larger tolerance of errorsoften the method of choice because they are easier to handle
and the calculations are faster to perform. However, some very and incompleteness of the search model [28].
difficult cases could only be solved using ensemble models
[14, 18, 19]. A possible explanation is that an ensemble is a Recommended Protocol and Case Studies
better approximation of the “true” (time- and space-averaged)
structure than a single model [20]. Furthermore, van Gunsteren Model Preparation
An NMR ensemble contains the necessary information to allowet al. [21] pointed out that the atomic rmsd from the mean
structure is not a good analog of B factors. Use of ensemble proper weighting of atomic contributions in MR calculations. As
a first preparation step, it is customary to delete unstructuredmodels is becoming more popular.
Structure
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Table 2. Summary of Experimental Methods Used in Published Reports
Model Model Model B Ensemble
Case Protein Data (A˚) Precision (A˚) Tailoring Factor Content Model Structure Remarks
1 Crambin 1.5 — Yes B 5 8 5 Minimized mean
RF: 10–5
TF: 10–4
2 Tendamistat 2.1 1.0 Yes B 5 25 9 Single (lowest rmsd) Backbone model works better
MR: 7–3 than all-atoms model
3 Interleukin-8 2 0.34 NR NR 30 Minimized mean RF smooth; TF/RB required
RF: NR knowledge of internal symmetry
TF: 15–9
4 CD8a 2.6 — No Individual 10 VL crystal Composite ensemble RF top but not clear;
RF: 15–4 structures TF very clear
TF: 10–4
5 Endothelin 2.18 NR Yes NR 4 Individual Large sidechain removal
led to improvement in
RF signal/noise
6 CRABP II– 3.2 — Yes Individual NR Composite ensemble
compound 19 RB: 8–3.2
7 hIL4 2.6 0.44 NR Rmsd 30 Individual; sum Individual or mean no
RF: 10–5 Artificial B of individuals good, sum is top but not
TF: 8–4 clear; pseudo B is good
8 PH domain-IP3 2.0 0.69 No Rmsd 15 Individual 15 A˚ data enhance the signal/
RF: 15–3.5 Artificial B noise z8 A˚; pseudo B is
TF: 15–3 important in TF not RF:
RB: 15–3 uniform B not working
9 Er-1 1.0 0.39 No Rmsd 20 Mean Needed 100% data (90%
RF: 7–3.25 Artificial B failed), RF/TF buried
TF: 10–3
10 ACBP 2.0 0.42 Yes Uniform B 20 Ensemble Required data in two space-
MR: 15–3.0 (14 lowest rmsd) groups to solve and refine
11 p53 tet 2.5 0.32 Yes NR 76 Mean RF/TF very clear
RF: 10–4
TF: 10–3.5
12 MCP-1 1.85, 2.4 0.22 Yes Rmsd 20 Minimized mean Solution after RB
RB: 10–3.5 Artificial B
13 p53 tet 1.5 0.48 Yes Uniform B 19 Ensemble Required tetramer model;
RF: 20–4 of tetramer RF buried, TF no top solution,
TF: 10–4 RB gave solution
RB: 10–4
14 p14TCL1 2.5 1.07 Yes B 5 20 20 Mean
MR: 8–3.5
RB: 8–3.0
15 IM7 2.0 0.53 Yes B 5 20 21 Ensemble (10 TF top but not outstanding;
MR: 15–4.5 lowest energy) RF buried
16 TMA–RBI 2.5 0.5 Yes Rmsd 20 Mean
Artificial B
17 Cdk6–p19 1.9 0.87 NR NR 20 NR
RB: 10–4
18 CHFI 1.95 0.5 Yes Refined B from set 20 Single calculated Six-dimensional search
19 RATI 2.9 0.5 NR NR 20 Individual RF buried. Only 1 of 20
MR: 15–4.5 models gave a TF solution
20 NK1 2.5 0.37 Yes B 5 30 23 Minimized mean RF signal/noise not
outstanding; TF good
21 CTLA-4 3.2 0.69 NR Rmsd 20 Minimized mean Six-dimensional search
MR: 10–4 Artificial B
22 Protein S 1.8 0.32 Yes Rmsd 30 Minimized mean
MR: 10–3.5 Artificial B
23 CV-N 1.5 0.15 No Rmsd Mean
MR: 15–3.0 Artificial B
24 hCD2–hCD58 3.2 0.37 No B 5 20 20 Mean NMR model used after
partial solution from
crystal model was known
25 p85a SH2 1.8 0.57 No Uniform B 30 Ensemble Brute-force: whole space
MR: 8–4 RF/TF/RB search
RB: 8–3.5
26 p73a SAM 2.5 0.35 Yes B 5 20 18 Ensemble Single models did not
MR: 15–3.5 work
Model precision is represented by the average rmsd of individual models from the mean structure. The data quoted are for backbone atoms (C, Ca, O, N)
in the well-defined core regions. “Model tailoring” means the atomic coordinates were edited in some major way such as removing loop and terminal
residues or truncating long sidechains to alanine. Abbreviations used in the table: MR, molecular replacement; RF, rotation function; TF, translation function;
RB, rigid-body refinement; NR, not reported. “Artificial B” refers to the atoms in the NMR model being assigned some calculated B factor values (see text).
The data column shows the resolution limit followed by the data ranges (in A˚) used in the respective MR calculations. The list is in chronological order of
publication.
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residues in loops and at termini. A set of tools to help with this
task has been described previously [9] (available at http://
xray.bmc.uu.se/usf/factory_6.html).
Recent NMR structures usually contain around 20 models
in a bundle and are generally good enough for MR [15]. Obvious
“outliers” can be removed from the set. A script called
multi_probe (GJK, ftp://xray.bmc.uu.se/pub/gerard/omac/
multi_probe) has been written for the automatic preparation of
a set of three ensemble models, with varying extents of side-
chain truncation. The script first aligns members of the ensem-
ble and then prepares an all-atom model, a poly-Ser/Ala/Gly
(poly-SAG, all non-glycine/alanine sidechains truncated to ser-
ine) model, and a poly-AG model. A detailed description of the
procedure can be found on the internet (http://imsb.au.dk/
zmok/o/ofaq/Q.879.html).
If a single NMR model is used, artificial B factors can be
assigned using an empirical formula based on the atomic rmsd
from the mean structure [10]. This procedure has been imple-
mented in a Perl script (YWC; http://www.mrc-cpe.cam.ac.uk/
zywc/rmsdB.html). Another way of preparing a single model
with artificial B factors was suggested by Behnke et al. [30]:
a set of structure factors was obtained by Fourier transforma-
tion of the whole NMR ensemble and the calculated structure
factors were then used as “Fobs” in refining a single model with
B factors.
Experimental
High-resolution data is not usually required for successful MR
searches. For most of the cases in Table 2, the high-resolution
limit of the data used for searching falls in a narrow range
(3.0–4.5 A˚), and commonly used low-resolution limits are 10.0 A˚
and 15.0 A˚. When using AMoRe, the NMR ensemble can be
input as a single coordinate model. We have applied this proto-
col to three cases. First, we report on a recently solved struc-
ture [31]. We also tested the protocol by redetermining two
published cases which were reported to be very difficult [16,
30, 32] so that results could be compared.
Test Case I: Human p73a Sterile a Motif (SAM) Domain
Data for the human p73a SAM domain (residues 487–564) were
collected to 2.54 A˚ resolution. The NMR models [33] (PDB code
1cok) consist of 68 residues of which the first four and the
last four are unstructured. Four models were employed for
searching: the single “best” representative model with artificial
B factors, and a set of three ensemble models (all-atoms, poly-
SAG and poly-AG) as prepared by multi_probe. Only the poly-
SAG model led to a solution (Figure 2a). All MR calculations
were performed with 15–3.5 A˚ data except for the final rigid-
body refinement which used 15–3.0 A˚ data. The rotation search
did not result in any eminent peaks. The subsequent translation
search had the correct solution at the top with a correlation
coefficient (CC) of 29.6, slightly higher than that of the highest
noise peak (26.4) and with a marginally lower R factor (60.2%)
than compared to the noise-peak R factors (which ranged
from 61.2%–63.0%). However, rigid-body refinement clearly
distinguished the correct solution from the others, having a
CC of 52.9 and an R factor of 54.6%. It turns out that the
Figure 2. The Results of MR Calculations with NMR Models
function (TF) and rigid-body refinement (RB) are shown in descending order.(a) Human p73a SAM domain, (b) Er-1 pheromone, and (c) CHFI. In each
The correct solutions are colored red and false solutions are colored blue.graph, the top ten peaks of each step: rotation function (RF), translation
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had a CC of 44.9 and an R factor of 48.8%. In this case, the
solution was verified by comparison with the solved crystal
structure.
Test Case III: Corn Hageman Factor Inhibitor
The structure of corn hageman factor inhibitor (CHFI) was
solved using EPMR (evolutionary programming for molecular
replacement) [28], a program that implements 6-D searches
with evolutionary programming. The authors reported that nei-
ther X-PLOR nor AMoRe found an MR solution making this a
particularly challenging case. Unfortunately, we could not ob-
tain a solution with our protocol without exhaustive parameter
fine-tuning. Again, we produced the set of poly-AG, poly-SAG
and all-atom ensemble models. We performed all MR calcula-
tions with 15–3.5 A˚ data in AMoRe. The rotation search gave
an eminent top peak with a CC of 23.5, which was 0.8s higher
than the highest noise peak. However, the subsequent transla-
tion search and the rigid-body refinement failed to reveal a
correct solution. The noisy search results are summarized in
Figure 2c. By aligning the solved crystal structure to the NMR
models and performing MR with this offset “ideal” search
model, we knew approximately the solution we were lookingFigure 3. The Results of Various Refinements of the MR Solution of Er-1
for. It was found that the top rotation function peak was essen-Pheromone
tially correct (a was off by 5.58; b by 38; g by 48), but the correctThe published crystal structure (PDB code 2erl) is used as the reference
and the residue-based rmsd of three models are shown for (a) mainchain translation solution was not found.
atoms and (b) sidechain atoms. The gray curves represent one member of Among the three cases we tested, two were successful and
the NMR ensemble (PDB code 1erl) for comparison. The blue curves are one failed. One of the successful cases was known to be a
for the coordinates obtained following 100 cycles of simulated annealing very difficult problem. For the unsuccessful case, at least therefinement using CNS [34]. The green curves are for a model obtained
top rotation function peak was close to the correct solution.following automated maximum-likelihood refinement and rebuilding using
It would be interesting to analyze the structural differences inRefmac/warpNtrace [35].
these cases. The rmsd for well-defined backbone atoms for
the p73a SAM domain is 1.47 A˚ and that for Er-1 is 1.17 A˚; the
rmsd for CHFI, the failed case, is 1.61 A˚. The recommendedcorrect rotation function solution only ranked twenty-seventh
protocol, although it does not always lead to success, canin CC peak height. The structure was checked for bad crystal
offer improvements over published results.contacts using computer graphics and confirmed by inspection
of electron-density maps phased on the solution, which
showed extra density for atoms in sidechains and loops that Refining Correctly Positioned NMR Models Against
X-Ray Datahad been omitted from the model. This solution was success-
fully refined [31] (W. K. Wang, M. Bycroft, A. M. Buckle, A. R. The refinement of NMR models as MR solutions against X-ray
data can prove to be very time-consuming and frustrating.Fersht and Y. W. Chen, unpublished results).
Tests were only carried out for the Er-1 pheromone structure
(test case II) where there is a highly refined X-ray model forTest Case II: Er-1 Pheromone
The crystal structure of the pheromone Er-1 [32] was solved comparison. Although the results are preliminary some useful
observations can be made. Figure 3 shows the rmsd valuesusing the mean NMR structure (PDB code 1erc) of the same
protein, with artificial B factors. It was a very difficult procedure between the deposited X-ray model (PDB code 2erl), one of
the NMR models, and two models obtained by two differentand the authors reported in detail their very tedious efforts in
fine-tuning the parameters that ultimately revealed the solution, refinement techniques.
Restrained refinement protocols alone using both CNS andwhich was not at all obvious [16]. We applied our protocol and
were able to obtain very good results. The ensemble consisting Refmac [34] proved unable to correct the deformations in the
mainchain. The initial R factor is 56%, and this can be reducedof all 20 models was used to prepare the all-atom, poly-SAG
and poly-AG models. All MR calculations were performed with to z46% with a fall in the free R factor to z50%. However the
maximum-likelihood weighted maps contain additional infor-15–3.5 A˚ data.
The poly-SAG model led to the correct solution. Although mation that could have been used for manual rebuilding. A
less time-consuming option is to combine such refinementthe correct peak was not outstanding among the noise peaks,
it showed up in the top position in both the rotation and transla- with the peak-picking and automated tracing algorithms incor-
porated into the Refmac/warpNtrace [35] scripts. This proce-tion searches (Figure 2b). In the rotation function calculations,
the correct peak had a CC of 25.5, 0.5s higher than the highest dure generated an excellent model for residues 2–37, with only
the less well-ordered last three C-terminal residues not placednoise peak (CC 5 22.7). The translation search resulted in the
correct solution being the top peak with a CC of 31.9, whereas (Figure 3). The final R factor and free R factor were 23.8% and
27.3%, respectively. Tests with CNS using simulated annealingthe highest noise peak had a CC of 29.2. After the final rigid-
body refinement, the correct solution was at the top and had substantially corrected the mainchain conformation (Figure 3a)
but not the sidechain conformations (Figure 3b) and reducedthe highest CC of 46.7 and the lowest R factor of 47.5%. This
was only marginally better than the closest noise peak, which the R factors to z40%.
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NMR models for molecular replacement: p53 tetramerization domainConclusion
revisited. Acta Crystallogr. D, in press.The test cases discussed above show that using NMR models
16. Anderson, D.H., Weiss, M.S., and Eisenberg, D. (1996). A challengingto search for MR solutions is now quite feasible, at least in
case for protein crystal structure determination: the mating pheromone
favorable circumstances. Modern NMR studies now provide Er-1 from Euplotes raikovi. Acta Crystallogr. D 52, 469–480.
models which are more similar to those found by crystallo- 17. Read, R.J. (1990). Structure-factor probabilities for related structures.
Acta Crystallogr. A 46, 900–912.graphic techniques, indicating that the protein folds found in
18. Dennis, C.A., et al., and Kleanthous, C. (1998). A structural comparisonthe solution usually closely resemble those in the crystal and
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els should be valid for performing MR studies with distantly 19. Hoedemaeker, F.J., Siegal, G., Roe, S.M., Driscoll, P.C., and Abrahams,
homologous proteins. This could prove to be a valuable tool J.P. (1999). Crystal structure of the C-terminal SH2 domain of the p85a
regulatory subunit of phosphoinositide 3-kinase: an SH2 domain mim-for structural genomics. However, MR techniques still do not
icking its own substrate. J. Mol. Biol. 292, 763–770.guarantee success and further studies are required to fully
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